ABSTRACT: Electrical conductance across a molecular junction is strongly determined by the anchoring group of the molecule. Here we highlight the unusual behavior of 1,4-bis(1H-pyrazol-4-ylethynyl)benzene that exhibits unconventional junction current versus junction-stretching distance curves, which are peak-shaped and feature two conducting states of 2.3 × 10 −4 G 0 and 3.4 × 10 −4 G 0 . A combination of theory and experiments is used to understand the conductance of single-molecule junctions featuring this new anchoring group, i.e., pyrazolyl. These results demonstrate that the pyrazolyl moiety changes its protonation state and contact binding during junction evolution and that it also binds in either end-on or facial geometries with gold contacts. The pyrazolyl moiety holds general interest as a contacting group, because this linkage leads to a strong double anchoring of the molecule to the gold electrode, resulting in enhanced conductance values.
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ABSTRACT: Electrical conductance across a molecular junction is strongly determined by the anchoring group of the molecule. Here we highlight the unusual behavior of 1,4-bis(1H-pyrazol-4-ylethynyl)benzene that exhibits unconventional junction current versus junction-stretching distance curves, which are peak-shaped and feature two conducting states of 2.3 × 10 −4 G 0 and 3.4 × 10 −4 G 0 . A combination of theory and experiments is used to understand the conductance of single-molecule junctions featuring this new anchoring group, i.e., pyrazolyl. These results demonstrate that the pyrazolyl moiety changes its protonation state and contact binding during junction evolution and that it also binds in either end-on or facial geometries with gold contacts. The pyrazolyl moiety holds general interest as a contacting group, because this linkage leads to a strong double anchoring of the molecule to the gold electrode, resulting in enhanced conductance values. M olecular electronics has greatly advanced in the recent decades, demonstrating that molecular junctions can be extremely varied in their electrical responses and even mimic conventional circuit elements with wire-like, switching, diode, and transistor behavior. 1, 2 During the past 15 years, studies of single-molecule junctions have elucidated the fundamental mechanisms of charge transport through molecular bridges and led to new understanding of how the chemistry and electronic structure of the molecule and contacts can determine their electrical characteristics. The diversity of molecular bridges studied is now quite large and has ranged from organic to organometallic compounds and even metal atom chains (EMACs) with surrounding ligands and complex supramolecular assemblies. 3 Because the coupling of the molecular bridges to the electrodes plays a central role, many studies have focused on the issue of anchor groups used to bind the molecular backbone to the enclosing electrical contacts. 4, 5 In this context, a large number of functional terminal groups have been explored, including thiols, 6, 7 selenols, 8, 9 dithiocarbamates, 10, 11 carbodithioates, 12 amines, 13, 14 esters, 15 cyanides, 16, 17 isocyanides, 18 nitriles, 19 carboxylic acids, 15, 20, 21 dithiocarboxylic acids, 12 isothiocyanates, 22 dimethylphosphine, 23 33 or fullerenes. 20, 34, 35 Some of these anchoring groups bind through a single terminal atom, while some feature multiple anchoring points. Here we aim to expand this family of multidentate anchor groups, because their multiple electrode bonding points might be advantageous for overall junction transmission and stability. 36, 37 Lower fluctuations due to stronger and more stable linkages to the substrate, 38 as well as an increased thermal stability, 10 may also be expected. From the molecular electronics point of view, a strong and defined electronic coupling between the electrode, the anchor groups, and the rest of the molecule is required in order to promote a high transmission of the overall junction. 35, 38, 37 However, in some cases, the steric requirements imposed by the design of molecules with two or more anchoring atoms or groups results in the disruption of π-conjugation in the molecular structure, which compromises electrical transmission of the junction. However, interest in the topic is growing fast, and examples of multidentate platforms with potential uses in molecular electronics have already been published. 10,11,39−41 In this context, the exploration of multidentate materials has focused mainly on bidentate platforms such as dithiols, 42−44 diols (cathecol), 45 carbodithioates, 12,46,47 dithiocarbamates, 48−50 and norbornyldithiol. 51, 52 A few examples of tridentate 53−58 and tetradentate molecular platforms 59 have also been reported.
In what follows, we explore new multidentate molecular junctions with the expectation of developing ligands that bind by a fundamentally different mode and which therefore could result in an increase in the molecular conductance. The focus of this present work is on the electrical behavior of compound 1 (1,4-bis(1H-pyrazol-4-ylethynyl)benzene, Figure 1a ). Compound 1 is symmetrical along its longitudinal axis with two terminal pyrazolyl groups that, to the best of our knowledge, have not been used before as anchor groups in molecular wirebased materials. The electrical properties of compound 1 were studied using scanning tunneling microscopy (STM) combined with the I(s) method and the break-junction (BJ) methods 60, 61 in mesitylene solution (see the Supporting Information for further details). In these measurements, a clean flame-annealed Au(111) substrate was the bottom electrode and the STM tip (gold) was the top contact electrode. Initially, 500 I(s) curves were recorded using a setpoint current (I 0 ) of 60 nA and a bias voltage (V bias ) of −0.6 V. It is well-known that I(s) traces in single-molecule measurements typically show a plateau shape as represented in Figure   S1a . The analysis of plateau-like I(s) curves is schematically shown in Figure S1b and allows the construction of conductance histograms, whose maxima correspond to the most probable value for the single-molecule conductance. However, when the shape of the event is not plateau-like, 62 such a method (sequentially shown in Figure S1 ) cannot be applied. This is the case for compound 1, where traces do not exhibit the typical plateau-like shape. As can be seen in Figure  1 , a discernible plateau featuring current−distance (I(s)) curves are generally not observed for this molecular bridge. Instead the I(s) curves exhibit peak-like events before junction breaking, while the typical 2D histogram (Figure 1d ) does not show any clear feature that provides a reliable value for the single-molecule conductance.
To perform a comprehensive statistical analysis, 1000 I(s) curves were recorded, including traces with all shape events of molecular junction formation and also traces without any event (neither peaks nor plateaus). In order to statistically represent this complex data set, the results obtained from these 1000 traces, where each curve was individually analyzed, are summarized in the pie diagrams shown in Figure 2 . According to this statistical analysis, molecule−probe junctions occur ca. 60% of the time when the tip is retracted, and it was found that almost 80% of the conductance traces exhibited peak-like events; therefore, construction of common data histograms was ruled out. Instead, a bespoke analysis has been made to classify the low and high current values of I(s) traces featuring peaks. As illustrated in Figures 1c,d , to construct this "lowhigh" (l-h) analysis of the individual traces, two different points were marked at the peak-like event: l, which corresponds to the 
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As shown in Figure 1c there is a sudden conductance increase between the points l and h. Because these two points are spatially separated by just a small distance, they represent two different conductance states arising from the same pyrazolyl anchor group. With the aim of describing both states, the following procedure was used to analyze the recorded data: for each I(s) trace containing a peak-like event, the (X, Y) coordinates of both states were determined; then, two-dimensional histograms were plotted from the complete data set of all these data pairs. This procedure, along with the resulting "2D l-h pair distribution histogram", is shown in Figure 3 . The 2D l-h pair distribution histogram ( Figure 3b ) shows two discernible conductance values. For the lowconductance state l, the value of the molecular conductance is 2.34 × 10 −4 G 0 , and for the high-conductance state h, the value corresponds to 3.39 × 10 −4 G 0 , as indicated in Figure 3c . Both values represent a sizable increase in the conductance compared to single-molecule conductance (SMC) values described earlier for molecular wires with a comparable chemical structure and length but incorporating other terminal contacting groups (see Table SI for comparison purposes). 21,63−71 In addition, these conductance values are comparable with those of molecular junctions based on the strong C−Au linkage. 72 In order to confirm that the conductance jumps are not simply a feature of the I(s) method, the break junction (BJ) technique was also employed to study the electrical properties of 1. The peak-like events observed in the I(s) curves were also detected using the BJ method (further details can be found in the Supporting Information, Figures S3 and S4 ).
An increase of the conductance of some molecular junctions when they are stretched has been reported before. 73 To elucidate the origin of the peak-like events in the I(s) traces of compound 1, transport calculations using the density functional code SIESTA 74 combined with the quantum transport code Gollum 75 were performed. Initially, the optimum geometries of the isolated molecules were obtained by relaxing the molecules until all forces on the atoms were lower than 0.05 eV·Å . A double-ζ plus polarization orbital basis set and norm-conserving pseudopotentials were used. An energy cutoff of 250 Ry defined the real space grid, and the local density approximation (LDA) was chosen as the exchange−correlation functional. The results were also computed using GGA, and it was found that the resulting transmission functions were comparable with those obtained using LDA. To simulate an electrode tip formed during a break-junction experiment, 76−79 electrodes were constructed from 6 layers of Au(111), each containing 30 gold atoms, with one of the leads terminated by a pyramid of gold atoms. 80, 81 Previous studies of the evolution of conductance−distance curves during junction breaking 82, 83 suggest that initially a planar terminal group binds cofacially to a pyramidal electrode tip, as shown in Figure 4 (top right). Then as the electrode gap increases, the terminal group is pulled toward a binding configuration involving only a single Au atom at the tip of the electrode, before it is finally detached from the electrode. In what follows, to understand the effect of retaining or losing the proton attached to one of the nitrogens of the pyrazolyl moiety, the electrical conductance of junctions with cofacially bound protonated pyrazolyl moiety (denoted P cof ) and deprotonated pyrazolyl unit (D cof ) were computed. The term "co-facially-bound" refers to the pyrazolyl group aligning itself face-on to the side of the gold pyramidal tip. In addition, the conductance of tip-bound protonated pyrazolyl moiety (P tip ) and deprotonated pyrazolyl moiety (D tip ) were also computed as shown in the top right scheme in Figure 4 . After each molecular configuration between fixed gold electrodes was relaxed using an extended molecule approach (protonated and deprotonated, see Figure S5 and Video S1) in the tip-bound or direct configuration (Figure S6 ), the terminal Au−N bond distance was found to be 2.5 Å for the protonated molecule and 2.4 Å for the deprotonated molecule (see Figure  S7 ). For the flat gold surface, the Au−N−C angle was close to 180°in all cases. For the cofacial configuration, the terminal Au−N bond distance was found to be 2.9 Å for the protonated and 2.6 Å for the deprotonated molecule (see Figure S8) . The pyrazolyl anchor group binds favorably to gold leads (direct contact), with a binding energy of 2.5 eV for the deprotonated molecule and 0.5 eV for the protonated molecule, whereas binding energies for cofacial contacts are 0.6 eV for the protonated molecule and 1.9 eV for the deprotonated molecule. The transmission coefficients for each of these binding coefficients are presented in Figure 4 . The energetic location of frontier orbitals relative to the Fermi energy of 
Letter electrodes is likely to vary from one pulling curve to the next pulling curve because of the stochastic nature of the junctionmaking and -breaking processes and therefore the energetic alignment of injected electrons relative to frontier orbitals will likewise exhibit broad variations. Hence, rather than consider a fixed single Fermi energy value (relative to the frontier levels), we consider how different broad energy ranges can lead to different behaviors in the transmission curves. The energy ranges are chosen on an ad hoc basis to illustrate the different experimental scenarios. The experimentally observed "high" and "low" conductance or no event are considered against the three possible scenarios (A, B, and C) shown in the top left panel of Figure 4 and detailed as follows:
Under scenario A, the junction starts with a protonated cofacial binding configuration (P cof. ) that evolves to a noncofacial protonated pyrazolyl group binding to the tip (P tip ) and then evolves to a deprotonated binding to the tip (D tip ), and eventually the molecule detaches. Provided that the energy of the injected electrons lie within the light blue band shown in Figure 4 , the transmission coefficient then switches from the black to the blue and then to the red curve, and this then results in the electrical conductance exhibiting a peak-like event. This scenario works for a wide range of energies roughly from −0.05 to 0.32 eV as shown in lower panel of Figure 4 (light blue region), which means that the probability of peaklike events is high, in agreement with the experimental data shown in Figure 2 .
Under scenario B, the junction starts in a similar way to A (P cof. ), that then evolves to (D cof. ) followed by (D tip ) and eventually detaches. However, in the energy range of this scenario, denoted by the dashed rectangle in magenta on the lower panel of Figure 4 , the conductance of (P cof. ) is less than that of (D cof. ) and (D tip ). This scenario results in only a small change of the conductance when moving from D cof. to D tip and therefore corresponds to the plateaus in a limited number of the I(s) curves. The probability of this scenario is much lower than scenario A, because the energy range of scenario B is limited to around −0.1 eV.
Under scenario C, the junction has the same starting point of A and B and follows the sequence P cof. → D cof. → D tip . However, the energy range of electrons is chosen to correspond to the purple range denoted as C in Figure 4 , and therefore, the conductance decreases in a series of steps, with no clear plateau and no peak. Such a behavior is in agreement with the green I(s) curve of Figure 1b in the energy range from approximately 0 to 0.5 eV.
Because deprotonating the molecule changes the charge state of the molecule, detailed spin-dependent density functional theory (DFT) spin calculations were also carried out. As shown in Figures S15−S18, the same qualitative behavior was found for the spin-up and the spin-down configurations, which indicates that no spin polarization occurs.
To experimentally probe the tendency of the pyrazolyl group to deprotonate in the presence of gold, additional experiments were performed. Figure 5 (left panel) shows the XPS spectrum of the powder of 1 and also the XPS spectra of Langmuir− Blodgett (LB) monolayers of compound 1 (a monolayer instead of a single molecule is of course needed to obtain a reliable signal in the XPS experiments because of the detection limits of the technique). LB monolayers were prepared and transferred to gold slides from a subphase of pure water (Millipore Milli-Q, 18.2 MΩ·cm, pH 5.6) and an aqueous subphase of NaOH (pH 11.0); more details can be found in Figure S19 . The XPS spectrum for the powder of 1 in the N 1s region reveals two peaks at 400.70 eV (due to the pyrrole-like nitrogen) and 399.55 eV (attributable to the pyridine-like nitrogen). 84−86 The XPS spectrum of the LB monolayer prepared from a pure water subphase shows a broad band whose deconvolution reveals the presence of 3 peaks at 400.63 and 399.58 eV (pyridine and pyrrole-like atoms) and at 401.30 eV (attributable to the pyrazolyl moiety chemisorbed on gold assuming that the molecule has lost the hydrogen associated with the pyrrole-like nitrogen upon chemisorption). Finally, LB films transferred from a basic subphase exhibit only two peaks centered at 401.20 eV (deprotonated pyrazole chemisorbed onto gold) and at 399.50 eV (deprotonated pyrazole on the free terminal group of the molecule due to the basic media, i.e. the one that is not attached to the gold substrate). These results are consistent with a clear tendency of compound 1 to chemisorb on the gold substrate through the two equivalent nitrogen atoms of the pyrazolyl heterocycle, accompanied by a deprotonation step, which also implies the formation of a bidentate junction with, at least, the bottom electrode. Figure 5 (left panel) also provides information about the areas of each peak, expressed as relative percentages. The peak areas corresponding to the powder of compound 1 are consistent with a 1:1 proportion of the two types of nitrogens in the molecule. The areas of the peaks recorded for the LB films of 1 cannot be interpreted quantitatively because the area of the peaks in the XPS spectrum is very sensitive to the location of the involved atom in the film, and in this case the two external nitrogen atoms result in higher integrated 
Letter intensities than the inner nitrogen atoms located and chemisorbed to the gold surface.
1 H NMR experiments were performed ( Figure 5 right panel, with the spectra magnified in Figures S20−S22 ) for further confirmation of the chemisorption of the pyrazolyl heterocycle onto gold, given the capability of NMR spectroscopy as a method for structural analysis of the capping agents of nanoparticles. 87 The compound 3,5-dimethylpyrazole was chosen for this experiment because it is the simplest molecule that contains the pyrazole ring and avoids the presence of other H atoms that could make the interpretation of the 1 H NMR spectra more difficult. The right panel in Figure 5 shows the 1 H NMR spectrum of 3,5-dimethylpyrazole in DMSO-d6 (deuterated dimethyl sulfoxide), which exhibits a signal at 12.0 ppm attributable to the pyrrole-like nitrogen proton of the pyrazole ring. The 1 H NMR spectrum of uncapped gold nanoparticles is also shown ( Figure 5 , right panel), and there are no signals at all in the 12 ppm surroundings. Finally, the spectrum of a mixture of 3,5-dimethylpyrazole and gold nanoparticles ( Figure 5 , right panel) clearly shows the disappearance of the 12.0 ppm signal, while the other ones from the 3,5-dimethylpyrazole remain in the 1 H NMR spectrum of the mixture. Therefore, this experiment further probes the tendency of the pyrazolyl moiety to be chemisorbed on gold through a chemical mechanism that involves a deprotonation process. From the XPS and also from the 1 H NMR experiments it can also be concluded that the deprotonated junction is stable and strong.
The role of hydrogen in interfaces of molecular junctions has been observed before. Thus, the electrical resistance of oligoanilines is known to be sensitive to pH in both bulk and molecular-scale devices because of reorganization and degradation of the junction after deprotonation, which results in a decay of the conductance by about 1 order of magnitude. 88 Also, a conductance increase of seven times in carboxylateterminated monolayers versus carboxylic acid-terminated monolayers has been observed for the same molecular backbone. 21 The change from carboxylic acid to carboxylate termination was also accompanied by a decrease in the effective barrier height of the tunneling junction. In that case, the deprotonation was chemically induced by a change in the pH of the media, and the increase of the conductance upon deprotonation was attributed to a stronger interaction between the tip of the STM and the −COO − terminal group in comparison with the −COOH termination, which additionally formed H-bonds between neighboring molecules. 21 The sensitivity of dye molecules to environmental pH and the switching in conductance of the system under different pH values has been also reported. 89 Recently, the conductance of vinylenedipyridine (44VDP) molecular junctions with Ni 
Letter contacts was studied, found to be dependent on both the electrochemically applied gate voltage and the pH of the environment, and attributed to protonation−deprotonation of the pyridine anchor groups of 44VDP resulting in a change in the bonding at the metal−molecule interface. 90 In summary, 1,4-bis(1H-pyrazol-4-ylethynyl)benzene represents a bidentate molecular platform that forms molecular junctions by chemisorbing on gold electrodes through a deprotonation process that results in a strong anchoring and high conductance values. This new anchor group exhibits highly unusual behavior, in which it changes its protonation state and contact binding during junction evolution, resulting in a sudden increase in conductance during the pulling process. These results open the door to the use of the pyrazolyl moiety as a binding group to produce effective electrical contacts between conjugated molecules and conducting substrates and also to exploit the switching behavior in the conductance values under protonation−deprotonation conditions for the construction of pH sensors based on molecular junctions. 
